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ABSTRACT 


This  report  covers  work  carried  out  with  support  of  the  Department  of  the  Air 
Force  during  the  period  1  April  through  30  September  1979.  A  part  of  this  sup¬ 
port  was  provided  by  the  Rome  Air  Development  Center. 

The  current  objectives  of  the  electrooptical  device  program  are:  (1)  to  perform 

_ _ _  life  tests  on  GalnAsP/InP  double-heterostructure  (DH)  diode  lasers  operating  in 

tier-)  the_ljP-  to  1. 3-^inj)  wavelength  region  and  analyze  the  degradation  mechanisms,' 
and  (2)  to  fabricate  and  study  avalanche  photodiodes  of  similar  composition 
GalnAsP  operating  in  the  same  wavelength  region. 

Self- sustained  pulsations  in  light  output,  similar  to  those  occurring  in  AlGaAs 
lasers,  have~b&eijp^studied  in  GalnAsP  DH  lasers.  In  marked  contrast  to  ob¬ 
servations  for  AlGaAs  lasers,  the  rate  of  incidence  of  the  pulsations  is  much 
lower  and  their  occurrence  does  not  appear  to  be  increased  by  aging.  The  pul¬ 
sations  appear  to  be  related  to  defects  originating  in  the  growth  process  or  sub¬ 
sequent  fabrication  procedures. 

Substantial  increase  in  avalanche  gain  and  reduction  of  dark  current  have  been 
achieved  in  a  modified  version  of  the  inverted-mesa  GalnAsP/lnP  avalanche 
photodiode  structure.  Dark  currents  as  low  as  1.5  nA  at  half  the  breakdown 
voltage  and  photocurrent  gains  as  high  as  700  have  been  measured. 

Implantation  of  the  donors  Se,  Si,  and  C  and  the  acceptors  Cd,  Mg,  and  Be 
from  room  temperature  to  200  has  begn^studied.  The  sample  temperature 
during  implantation  is  found  to  have  a  pronounced  effect  on  the  electrical  char¬ 
acteristics  of  the  resulting  layers.  Electron  concentrations  in  excess  of 

19  -3  — ^ 

10  cm  have  been  achieved. 
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A  vector  formulation  has  been  devised  to  describe  quantitatively  the  change  in 
lattice  parameters  as  a  function  of  composition  of  the  alloy  GaJcIn1_xASyP1_y. 

The  technique  has  potential  use  in  the  further  development  of  lattice-matched 
GaxIni_xASyPi_y  heterostructure  lasers  and  photodetectors. 

The  diffusion  of  Zn  and  Cd  into  TnP  has  been  Investigated  in  order  to  make  a 
comparative  evaluation  of  these  elements  as  acceptor  diffusants  for  the  fab¬ 
rication  of  GalnAsP/lnP  electrooptical  devices.  The  use  of  Zn  is  found  to  be 
advantageous  because  p-n  junctions  with  comparable  characteristics  on  f  o r 

tained  with  lower  diffusion  temperatures  than  those  required  for  Cd.  ~ jfXIo' — 
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ELECTROOPTIC AL  DEVICES 


I.  SELF-SUSTAINED  PULSATIONS  IN  GalnAsP/lnP  DH  LASERS 

As  we  reported  previously,1  self- sustained  pulsations  in  the  light  output  of  CW,  room- 

temperature  GalnAsP  double-heterostructure  (DH)  lasers  have  been  observed.  Although  this 

2-7 

pulsation  phenomenon  is  similar  to  that  reported  for  AlGaAs  lasers,  we  find  that  the  rate  of 

3  7 

incidence  is  muchlower  in  the  GalnAsP  devices.  Also,  in  marked  contrast  to  AlGaAs  devices,  * 
it  does  not  appear  that  aging  increases  the  occurrence  of  self-pulsing. 

The  lasers  for  this  study  were  fabricated  from  wafers  prepared  by  liquid-phase  epitaxial 

g 

growth  of  double  heterostructures  on  InP  substrates.  Tests  were  made  on  156  unaged  devices, 

10  devices  aged  at  22°C,  and  6  aged  at  higher  temperature  —  the  aging  times  ranging  from  hun¬ 
dreds  to  many  thousands  of  hours,  as  will  be  discussed  later.  All  devices  had  13-  to  15-|*m-wlde 

a 

stripes  defined  by  proton  bombardment,  except  for  two  aged  devices  with  Schottky-barrier- 
defined  (SBD)  stripes10  7.5  pm  in  width.  All  the  lasers  operated  CW  at  room  temperature  with 
emission  wavelengths  in  the  1.2-  to  1.3-pm  region.  The  two  longest-lived  devices  are  still  oper¬ 
ating  with  accumulated  operating  times  of  11,000  and  12,600  h,  with  the  former  showing  no  in¬ 
crease  in  threshold. 

Figure  I-l(a-b),  taken  from  a  previous  report,1  shows  the  light  output  vs  time,  measured 
with  a  Ge  photodiode,  for  two  unaged  GalnAsP  lasers  excited  with  70-nsec  pulses.  Trace  (a)  is 
for  a  device  exhibiting  the  usual  damped  relation  oscillation,  while  trace  (b)  is  for  a  device  in 
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Fig.  1-1.  Transient  response  of 
two  GalnAsP  lasers  for  70-nsec 
current  pulses  showing  (a)  damped 
relaxation  oscillations  (1  nsec  per 
div.)  and  (b)  undamped  pulsations 
(10  nsec  per  div.).  Apparent  pul¬ 
sation  width  is  instrument -limited 
here  but  is  ~100  psec  when  mea¬ 
sured  with  a  high-speed  detector 
and  sampling  oscilloscope. 


TABLE  1-1 

AGING  CONDITIONS  FOR  LASERS  TESTED  FOR  PULSATIONS 


Time 

(h) 

Equivalent* 

Time  at  22#C 

(h)  . 

Temperature 

(°C) 

Operating 
Current  Density 

(kA/cm^) 

Comments 
(see  text) 

12,600* 

- 

22 

11.5 

7.5-(*i  SBD 

11,100* 

- 

22 

3.2 

Wafer  4-4-78 

11,000 

- 

22 

7.1 

7. 5-|*n  SBD 

7,800 

- 

22 

5.5 

- 

5,800 

- 

22 

8.1 

- 

3,400* 

- 

22 

7.8 

- 

3,400* 

- 

22 

6.4 

- 

3,000 

- 

22 

7.0 

- 

2,400 

- 

22 

6.9 

Weak  pulsations 

2,100 

- 

22 

12.3 

- 

882 

4,400 

40 

9.1 

- 

1,200 

13,000 

50 

4.2 

Wafer  4-4-78 

1,000* 

11,000 

50 

4.0 

Wafer  4-4-78 

212 

2,300 

50 

8.1 

- 

184 

2,000 

50 

8.0 

- 

482 

- 

90 

0 

Wafer  4-4-78 

*  Assuming  E  =  0.7  eV. 
a 

t  Still  operating 

t  Still  operating  with  no  change 

in  threshold. 

which  the  output  consists  of  undamped  pulsations.  With  DC  excitation,  these  pulsations  continue 
indefinitely.  The  width  (measured  with  a  high-speed  GalnAsP  detector11  and  a  sampling  oscil¬ 
loscope  to  be  ,$100  psec  in  the  device  shown)  and  amplitude  of  the  pulsations  do  not  vary  signifi¬ 
cantly  with  current  amplitude,  but  the  repetition  rate  increases  from  approximately  100  MHz 
near  threshold  up  to  approximately  1  GHz  well  above  threshold.  The  pulsations  are  suppressed 
for  currents  near  the  nonlinear  "kinks"  in  the  light  output  vs  current  characteristics,  as  re¬ 
ported^  for  AlGaAs  devices. 

Of  our  156  unaged  devices,  which  were  fabricated  from  8  different  wafers,  only  8  exhibited 

self- sustained  pulsations,  for  an  average  rate  of  incidence  of  5  percent.  Six  of  these  came  from 

a  single  wafer  (wafer  4-4-78,  whose  performance  characteristics  have  been  described  earlier12) 

that  provided  58  of  the  devices  tested.  For  the  other  7  wafers,  only  2  out  of  98  devices  exhibited 

3 

pulsations.  For  comparison,  in  a  study  of  proton-bombarded  AlGaAs  lasers,  Paoli  reported 
initial  rates  of  incidence  ranging  from  5  to  30  percent  for  4  wafers,  with  an  average  rate  of 
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20  percent.  More  recently,  Hartman  et  al.  have  reported  an  initial  rate  of  incidence  of  pulsa¬ 
tions  of  38  percent  for  47  strip-buried-heterostructure  AlGaAs  lasers. 

Experiments  on  AlGaAs  lasers  have  shown  that  the  occurrence  of  sustained  pulsations  is 

3 

strongly  increased  by  aging.  Thus,  Paoli  found  that  an  average  of  62  percent  (48  to  70  percent, 
depending  on  the  wafer)  of  10  3  initially  nonpulsing  devices  had  developed  some  degree  of  sustained 
pulsations  after  CW  operation  at  70°C  for  50  to  60  h  (equivalent  to  operation  at  22°C  for  2,300  to 
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4,800  h,  if  the  activation  energy  is  assumed  to  be  0.7  to  0.8  eV).  Moreover,  Hartman  et  al. 
found  that  5  out  of  10  lasers  which  did  not  initially  exhibit  pulsations  did  so  after  only  15  h  of 
CW  operation  at  35°C  (equivalent  to  55  h  at  22°C).  To  investigate  the  effect  of  aging  on  self- 
sustaining  pulsations  in  GalnAsP  lasers,  we  tested  16  devices  that  had  been  subjected  to  the 
aging  conditions  summarized  in  Table  1-1.  All  but  one  had  been  operated  CW  for  more  than 
2,000  h  at  22°C  (or  an  equivalent  time  at  higher  temperature,  assuming  an  activation  energy  of 
0.7  eV)  with  approximately  3  mW  of  output  power  per  facet.  The  other  device  had  been  baked 
at  90”C  without  current  flow  until  degradation  was  evident  after  482  h.  Four  devices  were  from 
wafer  4-4-78,  which  had  the  highest  initial  incidence  of  lasers  with  sustained  pulsations.  All 
devices  were  aged  in  air  without  facet  coatings  and,  except  for  the  devices  from  wafer  4-4-78, 
operating  current  densities  were  quite  high. 

After  aging,  only  one  device  (from  wafer  8-18-77,  operated  at  22°C  for  2,400  h)  showed 
pulsations,  and  these  were  weak  compared  with  those  illustrated  in  Fig.  I- 1(b).  Even  in  this 
case  it  is  not  certain  that  the  pulsations  were  induced  by  aging,  since  initial  screening  for  sus¬ 
tained  pulsations  was  not  done  at  the  time  the  device  was  put  on  test.  For  the  device  still  oper¬ 
ating  unchanged  at  50°C,  we  found  no  change  in  the  relaxation  oscillation  transient  at  22°C  for 
the  same  pulsed  current  when  we  compared  photographs  taken  before  and  after  aging.  Although 
such  a  comparison  could  not  be  made  for  the  other  devices,  since  photographs  were  not  taken 
before  aging,  we  found  no  cases  of  unusually  low  damping  of  the  oscillations  after  aging,  which 
might  indicate  the  initial  stages  of  a  shift  toward  undamped  pulsations.  Overall,  the  results  of 
the  aging  experiments  strongly  suggest  that  sustained  pulsations  will  not  occur  to  a  significant 
degree  in  the  first  10,000  h  or  so  of  room -temperature  operation  of  initially  nonpulsing  GalnAsP 
lasers. 

In  Fig.  1-2  we  have  plotted  threshold  current  density  vs  reciprocal  device  length  for  all 
58  unaged  devices  from  wafer  4-4-78.  For  ideal  devices  with  no  localized  optical  or  electrical 
defects,  the  dependence  of  threshold  on  reciprocal  length  should  be  essentially  linear  with  a 
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Fig.  1-2.  Threshold  current  density 
vs  reciprocal  cavity  length  for  58  un¬ 
aged  lasers  from  wafer  4-4-78.  Tri¬ 
angular  data  points  correspond  to  de¬ 
vices  exhibiting  sustained  pulsations. 
Solid  line  represents  dependence  sug¬ 
gested  by  overall  trend  of  data  which 
would  exist  for  defect-free  devices. 


positive  slope.  In  the  presence  of  random  localized  defects,  the  observed  thresholds  should  be 
scattered  and  lie  above  the  ideal,  minimum  values.  This  is  apparently  the  case  for  the  data  of 
Fig.  1-2,  where  the  solid  line  has  been  drawn  to  represent  the  ideal,  defect-free  relationship 
suggested  by  the  overall  trend  of  the  data.  The  circled  data  points  represent  the  6  devices  with 
sustained  pulsations.  Since  all  6  are  approximately  545  pm  long,  it  is  likely  that  they  are  all 
from  the  same  cleaved  bar.  (The  wafer  is  first  cleaved  into  bars  before  individual  devices  are 
cut.)  Since  several  devices  of  comparable  length  to  these  6  devices,  as  well  as  several  slightly 
shorter  and  several  somewhat  longer,  do  not  exhibit  sustained  pulsations,  length  does  not  appear 
to  be  an  important  factor.  Moreover,  since  the  threshold  current  densities  of  the  devices  with 
sustained  pulsations  vary  from  the  lowest  observed  in  this  wafer  to  among  the  highest,  defects 
contributing  to  increased  threshold  are  not  necessarily  related  to  the  phenomenon.  Instead,  it 
appears  that  defects  peculiar  to  one  particular  cleaved  bar,  and  hence  to  one  region  of  the  wafer, 
are  responsible  for  the  sustained  pulsations  in  this  case.  Such  localized  defects  could  result 
from  irregularities  in  the  growth  process  or  fabrication  procedures. 

7 

In  their  work  with  AlGaAs  lasers,  Hartman  et  al.  demonstrated  that  the  occurrence  of  pul¬ 
sations  was  correlated  with  the  presence  of  absorbing  defects  classified  as  either  grown-in  crys¬ 
talline  defects,  dark-line  defects,  or  darkening  adjacent  to  the  mirrors,  the  latter  two  defects 

13 

being  associated  with  degradation  due  to  aging.  Early  observations  of  long  operating  life  in 

GalnAsP  lasers  suggested  that  these  devices  might  not  be  subject  to  the  same  degradation  mech- 

14 

anisms  that  occur  in  AlGaAs  lasers.  More  recent  studies  have  shown  that  relatively  few  dark¬ 
line  defects  are  observed  in  GalnAsP  lasers  even  after  extensive  aging,  and  that  much  of  the 
degradation  which  is  observed  in  these  devices  may  be  due  to  problems  associated  with  the  use 

of  indium  solder,*5'*^  as  we  have  previously  observed.  Darkening  adjacent  to  mirrors  is 

17 

thought  to  be  due  to  rapid  nonradiative  recombination  at  the  cleaved  surface.  There  is 
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evidence  that  surface  recombination  velocity  in  n-InP  is  much  lower  than  in  n-GaAs.  If  this 
should  prove  true  of  GalnAsP  alloys,  darkening  adjacent  to  the  mirrors  might  also  prove  to  be 
less  of  a  problem  even  when  devices  are  operated  in  air  without  facet  coatings,  as  in  the  present 
case. 

Further  studies  of  self- sustained  pulsations  in  these  lasers  are  under  way,  including  mea¬ 
surements  of  gain  vs  current  in  devices  both  with  and  without  pulsations. 

J.  N.  Walpole  J.  J.  Hsieh 
T.  A.  Lind  A.  G.  Foyt 
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II.  GalnAsP/lnP  AVALANCHE  PHOTODIODES 


Substantial  increase  in  avalanche  gain  and  reduction  of  dark  current  have  been  achieved  in 

a  modified  version  of  the  inverted-mesa  GalnAsP/lnP  avalanche  photodiode  structure  described 
19  20 

previously.  '  The  structure,  shown  in  Fig.II-1,  differs  from  the  earlier  one  in  that  a  1-gm 
layer  of  n-InP  is  interposed  between  the  p+-lnP  substrate  and  the  n-GalnAsP  layer.  (The  n+-lnP 
top  layer  is  also  omitted  for  simplicity,  with  little  expected  effect  other  than  some  increase  in 
contact  resistance  and  a  possible  decrease  in  quantum  efficiency  due  to  surface  recombination 
of  photogenerated  carriers.)  The  p-n  junction  is  now  located  in  the  InP,  but  with  sufficient  re¬ 
verse  bias  the  depletion  region  extends  into  the  GalnAsP.  Hence,  incident  light  of  appropriate 
wavelength  (X  <  1.3  pm)  is  absorbed  in  the  GalnAsP,  generating  holes  which  are  swept  into  the 
InP  where  they  are  multiplied  in  the  high-field  region  of  the  junction.  This  separation  of  the 
generation  and  multiplication  regions  and  the  attendant  improvement  in  avalanche  detector  char¬ 
acteristics  of  GalnAsP/lnP  photodiodes  were  first  demonstrated  by  Nishida  et  al.21,22  in  a  dif¬ 
fused  structure.  In  the  devices  described  here,  the  diffusion  step  is  not  required  and  edge  break- 

19  20 

down  is  clearly  eliminated  by  use  of  the  inverted-mesa  structure.  ' 

Details  of  the  structure  used  in  these  initial  studies  are  given  in  Fig.  II- 1 .  Layers  of  n-type 
InP  and  GalnAsP  with  n  *  1  x  lo1^1  cm  3  are  grown  onto  a  p+-InP  substrate  by  liquid  phase  epi¬ 
taxy.  The  InP  and  GalnAsP  layers  have  thicknesses  of  1  and  3  pm,  respectively.  The  approxi¬ 
mate  composition  of  the  quaternary  alloy  was  GaQ  23InQ  77Asq  52P0  48  with  the  long- wavelength 
photoresponse  cutoff  measured  to  be  about  1.25  pm.  Mesas,  8  pm  in  height,  were  etched  using 
a  mask  that  yields  devices  of  6  different  diameters,  ranging  from  2.5  mils  (64  pm)  to  6  mils 
(152  pm).  Plated  AuSn  top  contacts,  1  mil  in  diameter,  and  an  evaporated  AuMg  bottom  contact 
were  alloyed  by  heating  the  sample  to  ~400”C  for  10  sec.  The  AuMg  contact  did  not  cover  the 
entire  back  surface,  thus  leaving  windows  through  which  to  shine  light  from  the  back  side.  A 
layer  of  Si3N4,  approximately  900  A  thick,  was  used  as  surface  passivation  and  antireflection 
coating. 

Best  results  were  obtained  on  the  smaller  devices  (2.5  to  3.5  mils  in  diameter).  I-V  char¬ 
acteristics,  a  typical  one  of  which  is  shown  in  Fig.  II—  2,  gave  dark  currents  as  low  as  1.5  nA  at 
1/2  VB.  (VB,  the  breakdown  voltage,  was  approximately  100  V  in  these  devices.)  Scanning  the 
devices  with  1.15-pm  laser  light,  incident  from  both  the  front  and  back  sides,  yielded  uniform 
photoresponse.  Taking  into  account  approximately  the  variation  in  collection  efficiency  with  bias, 
maximum  low-frequency  gains  of  up  to  ~700  were  observed  with  ~2  nA  of  primary  photocurrent 
induced  by  light  incident  on  the  back  sides;  lower  gains  (~ 200)  were  measured  when  light  of  the 
same  intensity  was  incident  from  the  front.  The  reason  for  the  difference  in  gain  as  measured 
from  the  front  and  back  is  not  presently  understood.  In  both  cases,  the  light  is  predominantly 
absorbed  in  the  n-GalnAsP  layer  and,  hence,  the  carriers  initiating  the  multiplication  are  pri¬ 
marily  holes.  Although  changes  in  collection  efficiency  with  bias  are  much  more  pronounced 
with  light  incident  from  the  front,  our  initial  calculations  indicate  that  any  reasonable  estimate 
of  this  variation  does  not  account  for  the  apparent  gain  difference.  The  maximum  gain  from  both 
front  and  back  was  observed  to  decrease  with  increasing  primary  photocurrent  over  the  range 
from  2  nA  to  1  p.A  (at  which  the  maximum  gain  measured  was  ~10,  from  both  front  and  back). 

No  photoresponse  was  observed  at  biases  below  12  V.  At  this  value  of  bias,  a  current  step 
was  observed  in  the  I-V  characteristics  of  the  devices  under  illumination  with  a  microscope  lamp 
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(see  Fig.  II- 2),  and  a  discontinuity  occurred  in  the  concentration  profile  obtained  from  C-V 
measurements.  These  discontinuities  are  expected  at  the  value  of  applied  bias  for  which  the  de¬ 
pletion  region  punches  through  the  InP/GalnAsP  heterojunction.  The  photogenerated  holes,  which 
at  low  bias  had  been  confined  to  the  GalnAsP  by  the  valence-band  barrier  of  the  heterojunction, 
are  now  swept  by  the  junction  field  over  the  barrier  into  the  InP  where  they  are  collected.21,22 

With  the  i.06-pm,  200-psec-pulse  excitation  from  a  mode-locked  Nd:YAG  laser  incident  from 
the  front  of  a  typical  device,  response  times  of  ~400  psec  (FWHM)  were  measured.  This  rela¬ 
tively  long  response  time  is  probably  due  to  the  fact  that,  with  light  incident  from  the  front,  car¬ 
riers  generated  at  the  surface  must  diffuse  through  a  large  portion  of  the  quaternary  layer  before 
reaching  the  field  region.  No  such  diffusion  takes  place  with  light  incident  from  the  back,  hence 
shorter  response  times  are  expected. 

Work  is  presently  under  way  to  further  characterize  the  devices  with  respect  to  spectral  re¬ 
sponse,  noise  characteristics,  and  frequency  response,  as  well  as  to  optimize  device  parameters. 

V.  Diadiuk 
S.  H.  Groves 
C.  E.  Hurwitz 
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III.  THE  EFFECT  OF  IMPLANT  TEMPERATURE  ON  THE  ELECTRICAL 
CHARACTERISTICS  OF  ION-IMPLANTED  InP 


A.  INTRODUCTION 

The  expanding  interest  in  InP  devices  during  the  last  few  years  has  led,  in  turn,  to  increased 

2  3-34 

activity  in  the  development  of  ion-implantation  technology  in  this  material.  Many  of  the  re- 

23  24  28  33 

suits  previously  published  ’  '  '  have  indicated  that  the  temperature  of  the  InP  during  im¬ 

plantation  can  have  a  pronounced  influence  on  the  characteristics  of  the  resulting  implanted  lay¬ 
ers.  In  this  section,  new  and  more  detailed  results  are  presented  of  a  study  of  these  temperature 
effects  on  the  electrical  characteristics  of  InP  layers  implanted  with  several  donor  (C,  Si,  and 
Se),  acceptor  (Be.  Mg,  and  Cd),  and  nondoping  (Kr)  impurities. 

B.  EXPERIMENTAL  PROCEDURES 

The  InP  samples  used  in  these  experiments  were  cut  from  (111 (-oriented  high-resistivity 
(p  >  107  8-cm)  Fe-doped  crystals.  The  samples  were  lapped,  polished,  and  etched35  in  a 
1:1:5:1  mixture  of  HAc:HC104:HN0.j:HCl.  During  implantation,  they  were  tilted  in  reference  to 
the  ion  beam  to  minimize  channeling.  Following  implantation,  the  samples  were  annealed  at 

750 °C  for  10  to  15  min.  using  a  PSG  (phosphosilicate  glass)  encapsulation  technique  described 
23  28 

previously.  '  Microalloyed  Au-Sn  was  used  to  contact  implanted  n-type  layers,  while  micro- 

alloyed  Au-Zn  or  Au-Mg  was  used  for  p-type  layers.  Cloverleaf  patterns  etched  in  the  implanted 

36 

layers  facilitated  Hall  measurements  of  the  van  der  Pauw  type.  Unimplanted  control  samples 
of  the  Fe-doped  InP  used  in  these  experiments,  which  were  similarly  temperature -cycled  in  the 
ion-implantation  system,  encapsulated  and  annealed  at  temperatures  up  to  800°C,  showed  no 
indication  of  the  formation  of  surface  conducting  layers. 

C.  HEAVY  IONS 

Previous  results  indicated  that  higher  sheet  carrier  concentrations  are  obtained  by  implant- 

23 

ing  heavy  ions  into  InP  at  200  “C  rather  than  at  room  temperature.  Figure  III-l  shows  the  sheet 

14  -2 

carrier  concentration  vs  implant  temperature  of  InP  samples  implanted  with  1X10  cm  of  a 
heavy  n-type  impurity  (Se),  a  heavy  p-type  impurity  (Cd),  and  a  heavy  inert  species  (Kr).  All 
the  ions  were  implanted  at  an  energy  of  400  keV. 

1.  Krypton  (Damage  Effects) 

The  Kr  implants  were  performed  in  an  attempt  to  determine  the  electrical  behavior  of  re¬ 
sidual  damage  in  InP  implanted  with  heavy  ions.  Assuming  that  the  Kr  itself  is  not  electrically 

23  37 

active,  the  data  in  Fig.  Ill- 1  show  that  residual  ion-implantation  damage  in  InP  is  n-type.  ’ 

For  room-temperature  Kr  implants,  the  sheet  carrier  concentration  consistently  falls  in  the 
range  of  (5  to  6)  x  10  cm"  with  corresponding  sheet  mobilities  of  several  hundred  cm  /V-sec. 
This  measured  sheet  carrier  concentration,  which  is  presumably  due  to  the  effects  of  residual 
damage,  decreases  with  increasing  implant  temperature.  For  samples  implanted  at  tempera¬ 
tures  of  100°C  and  above,  the  concentration  is  much  lower  than  for  those  implanted  at  room 

9  -2  11  -2 

temperature,  ranging  from  not  measurable  (<10  cm  )  to  about  2  x  10  cm  .  There  is,  how¬ 
ever,  considerable  scatter  in  the  data  for  100“  to  200°C  implant  temperatures  and  only  data 
points  indicating  the  range  of  measured  sheet  concentration  have  been  included  in  Fig.  III-l.  The 
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Fig.  Ill  - 1 .  Sheet  carrier  concentration 
vs  implant  temperature  for  InP  samples 
implanted  with  1  x  10*4  Cm"2  of  heavy 
ions,  400-keV  Se  (an  n-type  impurity), 
Cd  (a  p-type  impurity),  and  Kr  (a  neutral 
species ). 


0  too  ZOO  300 


IMPLANT  TEMPERATURE  (*C) 


ambiguity  of  the  results  above  100°C  indicates  that  other  mechanisms  which  contribute  to  the 
observed  sheet  carrier  concentrations  are  becoming  significant.  One  possibility  is  that  damage- 
enhanced  outdiffusion  of  P  and/or  compensating  impurities  or  defects  is  occurring  during  the 
heated  implant.  Nevertheless,  the  data  clearly  indicate  that  implant  temperatures  >100°C  are 
necessary  to  minimize  the  n-type  behavior  due  to  the  residual  damage  induced  by  the  implanta¬ 
tion  of  heavy  ions  in  InP.  It  should  be  further  noted  that,  even  for  heated  implants,  the  post¬ 
implantation  anneal  is  essential.  For  example,  unannealed  samples  implanted  at  200°C  with 

14  -2  12  -2 

1  X  10  cm  of  Kr  had  sheet  concentrations  in  the  range  of  (2  to  3)  X  10  cm  and  very  low 

2 

sheet  mobilities  [(5  to  10)  cm  /V-secJ.  Similar  samples  annealed  at  750°C  for  15  min.  had  sheet 
concentrations  of  (6  to  20)  x  1010  cm*2  and  much  higher  mobilities  [(420  to  1100)  cm2/V-sec]. 


2.  Selenium 

As  shown  in  Fig.  III-l,  samples  implanted  with  the  donor  ion  Se  at  temperatures  above  150°C 
had  higher  sheet  carrier  concentrations  than  those  implanted  at  room  temperature.  The  sheet 
mobilities  for  the  heated  implants  [(1700  to  1800)  cm  /V-secJ  are  also  higher  than  for  those  done 
at  room  temperature  [(1150  to  1450)  cm2/V-sec],  The  small  decrease  in  the  measured  sheet 
carrier  concentration  for  samples  implanted  between  room  temperature  and  100  °C  is  believed 
to  be  due  to  a  decrease  in  the  number  of  donor  levels  resulting  from  the  above-mentioned  re¬ 
sidual  n-type  implant  damage.  Above  100 'C,  the  sheet  carrier  concentration  increases  with 

13-2 

implant  temperature  until  it  saturates  at  (7.8  to  8.0)  x  10  cm  .  For  ten  samples  implanted 

13  -2 

at  200”C,  all  had  sheet  carrier  concentrations  in  the  range  (7.8  to  8.0)  x  10  cm  and  all 
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but  one  (which  had  a  sheet  mobility  of  1900  cm  /v-sec)  had  sheet  mobilities  in  the  range 
(1700  to  1800)  cm2/V-sec. 

To  examine  the  effects  of  implant  temperature  on  the  depth  profile  of  the  electrically  active 

38 

implanted  Se,  a  series  of  Hall  measurements  combined  with  step  etching  was  performed  on 
selected  samples.  Figure  I II -2  shows  the  carrier  concentrations  and  mobilities  vs  depth  of  two 

14  .2 

InP  samples,  one  implanted  at  200°C  and  one  at  room  temperature,  both  with  1X10  cm  of 

400-keV  Se.  Also  shown  is  the  theoretical  Se  profile  calculated  using  the  Johnson  and  Gibbons 
39  40 

formulation  of  I.SS  theory.  The  sample  implanted  at  200  °C  has  a  peak  concentration  of  about 
18—3  ° 

3.8  x  10  cm  at  a  depth  of  1650  A,  in  agreement  with  the  theoretical  range  of  LSS  theory. 

The  distribution  of  the  carrier  concentration,  however,  is  wider  than  expected  from  LSS  theory, 
indicating  that  some  diffusion  of  the  Se  is  taking  place  during  the  implant  and/or  the  anneal.  For 
the  sample  implanted  at  room  temperature,  the  Se  near  the  surface  is  either  not  electrically 
active  or  compensated.  The  mobility  of  the  sample  implanted  at  room  temperature  is  lower 
than  that  of  the  sample  implanted  at  200  °c  at  all  depths. 

Samples  implanted  with  doses  of  400-keV  Se  from  1  x  1013  to  1  x  1015  cm  2  showed  simi¬ 
lar  behavior  of  the  sheet  carrier  concentration  vs  implant  temperature,  as  did  the  samples 
14  -2 

implanted  with  1x10  cm  .  Figure  III  -  3  shows  the  carrier  concentration  vs  depth  for  sam¬ 
ples  implanted  at  200*0  with  3  x  lO1^,  1  x  10^,  and  1  x  101'’  cm  2  400-keV  Se.  All  the  sam¬ 
ples  had  the  peak  of  the  carrier  concentration  at  the  depth  expected  from  LSS  theory,  but  the 

distributions  were  again  wider  than  predicted.  The  sample  implanted  with  a  Se  dose  of 

15  -2  19  -3 

1x10  cm  had  a  peak  carrier  concentration  of  1.6  x  10  cm  ,  indicating  that  electron 

19-3 

concentrations  in  excess  of  10  cm  can  be  fairly  easily  achieved  in  InP  with  implanted  Se. 

3.  Cadmium 

For  the  heavy  p-type  impurity  (Cd),  Fig.  Ill- 1  shows  that  the  sheet  carrier  concentration 
increases  with  implant  temperature  and  that  implant  temperatures  of  ISO'C  or  above  are  re¬ 
quired  for  highest  activation.  However,  the  sheet  hole  concentrations,  even  for  implant  tempera- 

13  -2 

tures  above  150°C,  are  only  4.0  X  10  cm  ,  corresponding  to  an  effective  activation  of  40  per¬ 
cent  -  a  value  which  is  low  compared  with  the  78-  to  80-percent  activation  achievable  with  the 
n-type  impurity  Se. 

Figure  III-4  shows  the  sheet  hole  concentration  and  mobility  vs  dose  for  samples  implanted 

with  400-keV  Cd  at  room  and  several  higher  temperatures.  The  sheet  mobility  do^s  not  appear 

to  be  very  dependent  on  implant  temperature.  The  highest  sheet  concentration  obtained,  mea- 

15  -2  13  -2 

sured  on  a  sample  implanted  with  1  x  10  cm  at  150°C,  was  9  x  10  cm  ,  with  a  corre¬ 
sponding  sheet  mobility  of  100  cm2/V-sec. 

As  has  been  observed  in  GaAs  (see  Refs.  41  and  42),  <nere  appears  to  be  substantial  diffu¬ 
sion  of  the  implanted  Cd.  This  is  illustrated  in  Fig.  Ill- 5,  where  the  hole  carrier  concentration 

14  -2 

and  mobility  vs  depth  are  plotted  for  a  sample  implanted  at  200  °C  with  1  x  10  cm  of 

400-keV  Cd.  Also  shown  is  the  implanted  Cd  profile  expected  from  LSS  range  theory.  The 

18  -3 

measured  peak  hole  concentration  is  only  1.5x10  cm  ,  and  the  profile  is  much  wider  than 
expected.  Although  additional  experiments  are  required  to  more  fully  determine  the  effects  of 
dose  and  implant  temperature  on  diffusion,  it  appears  that  it  will  be  more  difficult  to  obtain 
high  hole  concentrations  in  InP  by  ion  implantation  than  it  is  in  GaAs  (see  Refs.  41  and  42). 
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Fig.  III-2.  Electron  carrier  concentration 
and  mobility  vs  depth  measured  in  InP  im¬ 
planted  at  room  temperature  and  200°C  with 
1  x  10*4  cm'2  of  400-keV  Se  ions.  Also 
shown  is  Se  distribution  expected  from  LSS 
range  theory. 


Fig.  III-3.  Electron  carrier  concentra¬ 
tion  vs  depth  for  InP  samples  implanted 
at  200-C  with  3  x  1013,  1  x  101*,  and 
1  x  10*3  c m*2  of  400-keV  Se. 
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Fig.  III-4.  Sheet  hole  concentration  and  mobility  vs  dose 
for  InP  samples  implanted  at  room  temperature,  100°C, 
150°C,  and  200°C  with  400-keV  Cd  ions. 


Fig.  III-5.  Hole  carrier  concentration 
and  mobility  vs  depth  for  an  InP  sample 
implanted  at  200°C  with  1  x  1014  cm'2 
of  400-keV  Cd. 
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D.  LIGHT  AND  INTERMEDIATE-MASS  IONS 


Results  obtained  on  the  implantation  of  lighter  ions  are  shown  in  Fig.  III-6,  where  the  sheet 

carrier  concentration  and  mobility  of  samples  implanted  with  1  x  10  cm  of  a  light  ion 

(400-keV  Be)  and  two  ions  of  intermediate  mass  (400-keV  Si  and  150-keV  Mg)  are  plotted  as  a 

function  of  implant  temperature.  For  these  lighter  ions,  n-type  conduction  due  to  residual 

implant  damage  does  not  appear  to  be  the  problem  it  is  with  heavy  ions.  In  confirmation  of  this 

14  -2 

conclusion,  samples  implanted  at  room  temperature  with  1  x  10  cm  of  400-keV  Ne  and 
annealed  at  750°C  showed  no  indication  of  the  formation  of  surface  conducting  layers.  It  is 
also  clear  from  the  data  that  the  effects  of  implant  temperature  for  these  lighter  ions  are  much 
less  consistent  than  for  the  heavy  ions. 

1.  Beryllium 

The  sheet  hole  concentrations  obtained  for  samples  implanted  with  Be  at  room  temperature 
are  slightly  higher  than  those  obtained  on  samples  implanted  at  200°C.  More  detailed  data  on 
Be-implanted  InP  (Ref.  28)  show  that  the  results  of  room -temperature  Be  implants  are  gener¬ 
ally  as  good  as,  and  in  some  cases  superior  to,  those  of  heated  implants  because  of  less  in¬ 
diffusion  of  the  implanted  Be.  The  maximum  activation  obtained  for  this  light  p-type  impurity, 
approximately  60  percent,  is  again  less  than  that  obtained  with  n-type  impurities. 

2.  Carbon 

The  implantation  of  carbon,  another  possible  light  impurity  in  InP,  was  found  to  result  in 
n-type  layers,  but  with  only  4-  to  6 -percent  apparent  electrical  activity,  independent  of  implant 
temperature.  The  results  indicate  that  implanted  carbon  is  probably  highly  amphoteric,  al¬ 
though  the  possibility  that  the  carbon  occupies  interstitial  sites  is  not  ruled  out.  This  contrasts 
with  results  reported  for  GaAs  (see  Ref.  43)  in  which  implanted  carbon  was  found  to  be  p-type 
with  up  to  50-percent  effective  doping  efficiency. 

3.  Silicon 

For  the  intermediate -mass  n-type  impurity  (Si),  higher  sheet  carrier  concentrations  and 

mobilities  were  generally  obtained  on  samples  implanted  at  elevated  temperatures.  As  indicated 

in  Fig.  III-6,  there  is  considerable  scatter  in  the  room -temperature  results,  while  for  ssunpleB 

14  -2 

implanted  at  200°C  with  1  x  10  cm  of  400-keV  Si,  the  measured  sheet  carrier  concentra- 

13  _?  2 

tions  and  mobilities  all  fell  in  the  ranges  (7.6  to  7.8)  x  10  cm  and  (1800  to  2000)  cm  /V-sec, 
respectively. 

4.  Magnesium 

14  -2 

For  samples  implanted  with  Mg  at  150  keV  and  a  dose  of  1  x  10  cm  ,  higher  sheet  hole 
concentrations  were  obtained  on  those  implanted  at  room  temperature  than  on  those  done  at 
higher  temperatures.  In  contrast  to  the  other  ions  studied,  however,  the  results  obtained  with 
Mg  implanted  at  room  temperature  exhibit  an  anomalous  dependence  on  dose.  This  can  be  seen 
in  Fig.  III-7,  where  the  sheet  hole  concentration  and  mobility  of  InP  samples  implanted  with 

150-keV  Mg  at  several  temperatures  are  plotted  vs  dose.  For  the  room -temperature  implants, 

14-2 

the  sheet  hole  concentration  increases  with  implant  dose  up  to  1  x  10  cm  ,  whereas  for  doses 
above  this  value  the  sheet  hole  concentration  actually  falls  quite  drastically.  For  100°C  implants. 
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a  less-abrupt  maximum  is  observed  at  a  dose  of  3  x  10  cm  ,  while  for  implants  performed 

with  the  fnP  at  temperatures  of  15 0°C  or  above,  the  sheet  hole  concentration  increases  mono- 

tonicallv  with  dose.  Profile  measurements  on  samples  implanted  at  room  temperature  with 
14  -Z 

1  x  10  cm  Mg  indicate  that  significant  diffusion  of  the  implanted  Mg  occurs.  Although  more 
work  is  needed  to  fully  understand  the  data  in  Fig.  III-7,  a  plausible  explanation  may  be  based 
on  a  combination  of:  (a)  a  damage -enhanced  diffusion  effect  which  decreases  with  increasing 
implant  temperature,  and  (b)  a  critical  dose,  above  which  significant  residual  n-type  damage 
remains  after  annealing,  and  the  value  of  which  increases  with  implant  temperature.  This 

critical  dose,  which  could  be  that  at  which  amorphization  occurs,  becomes  extremely  high  and, 

44 

for  all  practical  purposes,  infinite  for  implant  temperatures  of  150°C  and  above.  Referring 
to  Fig.  HI-7,  the  sheet  mobility  does  not  seem  to  depend  critically  on  implant  temperature. 

The  highest  sheet  hole  concentration  obtained  by  implanting  150-keV  Mg  was  9  x  1013  cm"2 
with  a  corresponding  sheet  mobility  of  80  cm2/V-sec.  These  results  were  obtained  on  a  sam¬ 
ple  implanted  at  100°C  with  a  dose  of  3  x  1014  cm’2. 

E.  SUMMARY 

The  results  indicate  that  to  achieve  the  highest  activation  of  both  heavy  n-type  impurities 
(e.g.,  Se)  and  heavy  p-type  impurities  (e.g.,  Cd),  ion  implantation  in  InP  should  be  carried  out 
with  the  InP  at  temperatures  of  i50°C  or  above.  It  is  interesting  to  note  that  an  implant  tem¬ 
perature  of  150°C  corresponds  to  that  above  which  InP  cannot  be  made  amorphous  by  ion  im¬ 
plantation.  For  the  light-ion  Be,  room -temperature  implants  are  generally  as  good  as,  and 
in  many  cases  superior  to,  heated  implants.  The  intermediate -mass  n-type  impurity  (Si)  be¬ 
haves  more  like  the  heavy  ions,  and  implants  carried  out  with  the  InP  substrates  at  tempera¬ 
tures  of  150"C  or  above  generally  result  in  higher  carrier  concentrations  and  mobilities.  For 
the  intermediate-mass  p-type  dopant  (Mg),  the  effects  of  implant  temperature  appear  to  be 
dependent  on  dose.  This  behavior  is  not  well  understood  and  it  is  likely  that  the  particular 
application  may  determine  the  most-effective  implant  parameters  for  Mg. 

It  is  also  evident  from  the  data  that  implanted  n-type  dopants,  such  as  Se  and  Si,  have 

higher  electrical  activities  in  InP  than  p-type  dopants,  and  that  electron  carrier  concentrations 
19-3 

>10  cm  are  relatively  easy  to  achieve.  This  is  in  contrast  to  results  obtained  on  GaAs,  in 

which  it  is  generally  easier  to  obtain  higher  activation  efficiencies  and  peak  concentrations 
45 

with  p-type  impurities.  _  „  _ 

J.  P.  Donnelly 
C.  E.  Hurwitz 
G.  A.  Ferrante 
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IV.  CHANGES  IN  LATTICE  PARAMETER  AND  COMPOSITION 

OF  Gain,  As  P.  •  A  VECTOR  FORMULATION 
xix  y  1  -y 

There  have  been  extensive  studies  on  the  relation  between  the  GavIn.<  .vAs„P<  „  lattice 

46-48  *  *  y  1  y 

parameter  and  its  composition.  We  have  developed  a  vector  formulation  in  which  the 

change  of  GaxIni -xAsyPi .y  lattice  parameter  is  related  to  the  change  in  composition  in  a  sim¬ 
pler  and  clearer  way.  We  believe  that  this  technique  is  potentially  useful  in  the  development  of 
lattice -matched  GaxInj _xASyP.j _y / InP  double-heterostructure  lasers. 

In  this  new'  formulation,  change  of  the  lattice  parameter  is  expressed  as  the  scalar  product 

of  a  vector  A  and  the  "composition  displacement  vector"  A  =  e  Ax  +  e  Ay.  where  ~e  and  ~e 

x  y  x  y 

are  unit  vectors  in  the  x-  and  y-directions,  respectively.  Based  on  Vegard's  law,  the  vector 
A  is  constant  to  within  better  than  3 -percent  accuracy  over  a  wide  composition  range  of  interest. 

It  has  been  reported  that  the  experimentally  measured  lattice  parameter  a,  as  a  function  of 
x  and  y,  is  in  good  agreement  with  Vegard's  law,4^48  i.e., 

a  =  aInp(l  -x)(l  -y)  +  a^l  -  x)y  +  aGaAgxy  +  aGapx(l  -y)  (IV-la) 


or 

a( A)  =  5.8696  -0.4184X  +  0.1894y  +  0.0130xy  (IV-lb) 

by  substituting  values  of  aInp.  ainAs-  aGaAs’  and  aGaP  into  E9‘(IV*la).  For  small  changes  in 
x  and  y,  the  corresponding  change  in  a  can  be  obtained  by  taking  the  differential  of  Eq.(IV-ib) 
which,  after  some  rearranging,  becomes 

Aa(A)  =  (-0.4184  +  0.0130y)Ax  +  (0.1894  +  0.(M30x)Ay  .  (IV-2) 

This  equation  can  be  written  as 

~  =  A  •  A  (IV-3) 


where 


-r  —  -0.4184  +  0.0130y 
A  '  ex  “  5.8696 


0.1894  +  0.01 30x 
- - 5^1 - 


(IV -4) 


O 

[Since  lattice  matching  to  InP  is  of  primary  interest,  a  =  a^p  =  5.8696  A  has  been  used  in 
Eq.(IV-4).[  The  vector  A,  which  is  a  function  of  x  and  y,  can  be  approximated  by  a  constant 
vector  A  which  is  defined  as 


a  -r  Q-4184 

o  -  ex  5.8696 


0.1894 

5.8696 


(IV-5) 


Since  the  x-  and  y-values  of  general  interest  are  0(x<  0.5  and  0  <  y<  1.0,  respectively,  the 
deviations  of  A  from  AQ  are  smaller  than  -3  percent  by  comparing  Eqs.(IV-4)  and  (IV-5). 
Another  way  of  obtaining  Eq.(IV-3)  and  A  a  Aq  is  illustrated  in  Fig.IV-1,  where  the  change  of 
lattice  parameter  in  the  x-direction  is  almost  independent  of  y,  and  vice  versa. 

Table  IV-1  shows  the  comparison  of  the  present  formulation  with  some  experimental  results. 
The  compositions  of  the  GaxIn|_xASyP1.y  layers  were  obtained  by  the  electron  microprobe  tech¬ 
nique.  The  lattice  mismatch  between  the  layers  and  the  underlying  InP  substrates,  (Aa/a)exp 
in  Table  IV-1,  were  obtained  by  x-ray  diffraction.  For  comparison  with  the  present  technique, 
one  of  the  four  samples  is  chosen  as  the  reference  point,  from  which  the  changes  in  composition, 
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Fig.  IV-1.  Diagram  showing  relation  between  room-temperature 

lattice  parameter  and  composition  in  Ga  In  As  P.  system. 

x  1 —x  y  l — y 

Dashed  curve  represents  compositions  for  exact  lattice  match  to 
InP.  Vector  is  that  defined  in  Eq.  (IV-5). 


TABLE  IV-1 

COMPARISON  OF  THE  EXPERIMENTAL  AND  CALCULATED  LATTICE-PARAMETER 

DIFFERENCES  OF  SOME  Go  In,  As  P,  SAMPLES 

x  1 — x  y  J-y 

X 

y 

(Aa/a) 

exp 

(percent) 

Ax 

Ay 

(Aq/a)' 

exp 

(percent) 

(Aa/a)Calculated 

(percent) 

0.2597 

0.5914 

-0.1 

mm 

0.0 

0.0 

0.186 

0.363 

-0.3 

1 

-0.2284 

-0.2 

-0.22 

0.177 

0.558 

0.41 

1 

-0.0334 

0.51 

0.47 

0.158 

0.667 

0.57 

SH 

0.0756 

0.67 

0.95 

Ax  and  Ay,  and  the  changes  in  lattice  parameter,  (Aa/a)^Xp,  were  measured.  By  using 
Eqs.  (IV-3)  and  (IV-5)  and  Ax  and  Ay  in  Table  IV-1,  the  values  of  (Aa/a)cajcujate(j  were  obtained. 
There  is  a  good  agreement  between  (^/^aicuiated  ant*  (Aa/a)^xp  excePt  f°r  tlle  largest  Aa/a. 

Z.  L.  Liau 
J.  J.  Hsieh 


V.  DIFFUSION  OF  Zn  AND  Cd  IN  InP 


The  elements  Zn  and  Cd  are  the  acceptor  impurities  commonly  used  for  diffusion  from  the 
vapor  phase  in  the  fabrication  of  electrooptical  devices  employing  InP  and  GalnAsP  alloys.  High- 
performance  GalnAsP/lnP  devices  such  as  diode  lasers  and  avalanche  photodiodes  have  been 
fabricated  using  Zn  and  Cd  diffusion,  respectively.  At  a  given  temperature  Zn  diffuses  much 
faster  than  Cd.  and  Zn  diffusion  can  lead  to  the  formation  of  irregular  diffusion  fronts.  For 
these  reasons,  Cd  has  been  suggested  as  a  preferable  acceptor  diffusant  for  device  fabrication. 

In  order  to  make  a  comparative  evaluation  of  the  two  elements  for  this  purpose,  we  have  carried 
out  a  series  of  experiments  on  their  diffusion  in  InP.  In  these  experiments,  single -crystal 
n-InP  substrates  with  carrier  concentrations  of  1018  to  1018  cm  3  were  partially  masked  with 
Si02>  SijN^,  or  phosphosilicate  glass  (PSG),  sealed  in  evacuated  fused-silica  ampoules  with 
weighed  amounts  of  ZnP2  or  CdP2>  and  heated  in  a  resistance  furnace.  The  depth  of  the  p-n 
junction  formed  by  diffusion  was  then  determined  by  cleaving  and  etching.  For  Cd  diffusion 
experiments  at  temperatures  above  about  550  “C,  it  was  necessary  to  place  a  small  amount  of 
red  P  in  the  ampoule  to  prevent  thermal  etching  of  the  substrate  due  to  P  evaporation.  Addi¬ 
tional  P  was  not  required  in  the  Zn  diffusion  experiments  even  at  650 ”C. 

When  Zn  was  diffused  at  650  °C  to  form  a  p-n  junction  several  micrometers  deep,  the  dif¬ 
fusion  front  was  found  to  be  quite  flat  over  most  of  the  sample,  but  a  few  defects  were  observed 
at  the  junction.  One  such  defect  is  seen  in  Fig.  V-i,  which  is  an  optical  micrograph  of  a  cleaved 
cross  section  showing  a  junction  about  4.5  pm  deep  produced  by  Zn  diffusion  at  650°C  for  5 min. 

4  O  _  5 

into  a  Sn-doped  substrate  with  background  carrier  concentration  of  about  10  cm”  .  Defects 

of  this  type  were  formed  much  more  often  in  substrates  with  such  high  carrier  concentrations 

1 6  “3 

than  in  those  with  low  carrier  concentrations  (~  1 0  cm  ).  No  defects  were  observed  for  dif¬ 
fusions  performed  at  500  °C  or  below.  The  quantitative  results  of  the  experiments  are  shown  in 
Fig.  V-2,  where  the  junction  depth  (L)  is  plotted  against  the  square  root  of  time  (t1^2)  for  Zn 
diffusions  at  500”  and  650 'C  into  InP  substrates  with  carrier  concentrations  of  1  to  2  x  1018, 

3  x  1017,  and  1  to  2  x  1018  cm  3.  The  data  are  consistent  with  a  linear  dependence  of  L  on 
t1^2.  For  a  given  diffusion  time  and  temperature,  L  is  not  very  sensitive  to  the  substrate 
carrier  concentration. 

The  diffusion  of  Cd  in  InP  at  500 °C  is  so  slow  that  no  junction  was  detected  even  after  heat¬ 
ing  for  40  min.  at  this  temperature.  Diffusion  at  600  ”C  for  about  100  min.  yielded  a  junction 
depth  of  about  1  pm,  provided  that  no  excess  P  was  added  to  the  ampoule,  but  in  this  case  the 

exposed  InP  surface  was  severely  attacked  due  to  P  evaporation.  Adding  P  to  prevent  thermal 

49 

etching  caused  a  marked  reduction  in  the  rate  of  diffusion,  as  reported  by  Tien  and  Miller. 

The  diffusion  rate  reached  a  limiting  value  for  P/CdP->  weight  ratios  of  5  or  higher.  For  such 
ratios  the  junction  depth  was  reduced  by  almost  an  order  of  magnitude,  so  that  it  would  be  nec¬ 
essary  to  employ  diffusion  temperatures  significantly  above  600  ”C  in  order  to  obtain  useful 
junction  depths  in  a  reasonable  time.  Severe  cracking  of  passivating  coatings  occurs  at  such 
high  temperatures,  however,  making  it  impossible  to  carry  out  the  selective -area  diffusion  re¬ 
quired  for  device  fabrication. 

To  compare  the  performance  of  InP  diodes  prepared  by  Zn  and  Cd  diffusion,  the  dark  cur¬ 
rent  under  reverse  bias  has  been  measured  for  devices  100  pm  in  diameter  with  a  p-n  junction 
depth  of  about  2  pm  obtained  by  diffusion  of  Zn  (20  min.  at  500 ”C)  or  Cd  (100  min.  at  600  ”C,  with- 

17  -3 

out  excess  P)  into  nominally  undoped  n-InP  layers  (carrier  concentration  about  10  cm  ) 
grown  by  liquid-phase  epitaxy  on  (lOO)-oriented  substrates.  Both  types  of  diodes  have  the  same 


Fig.  V-2.  P-n  junction  depth  <L)  as  a  function  of  square  root 
of  diffusion  time  (t1/2)  for  Zn  diffusion  into  n-InP  at  500°  and 
650°C  using  a  ZnP2  source. 
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breakdown  voltage  (Vg  =  23  V  at  1  p.A)  and  similar  leakage  currents  (2  to  10  nA  at  0.5  Vg). 

The  leakage  actually  depends  more  strongly  on  the  type  of  passivating  layer  than  on  the  acceptor 
diffusant,  with  the  lowest  leakage  being  obtained  for  devices  from  which  the  passivating  layer 
was  removed  after  diffusion.  Since  the  Zn-  and  Cd-diffused  diodes  have  comparable  character¬ 
istics,  and  Zn  diffusion  can  be  readily  controlled  at  temperatures  of  500  "C  or  less  (making  it 
possible  to  avoid  the  difficulties  associated  with  Cd  diffusion  because  of  the  hig1'  temperatures 
required  to  obtain  practical  junction  depths),  it  is  advantageous  to  use  Zn  rather  than  Cd  as  the 
acceptor  diffusant  for  the  fabrication  of  InP  devices. 

J.  J.  Hsieh 
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fabrication  procedures. 

Substantial  increase  in  avalanche  gain  and  reduction  of  dark  current  have  been  achieved  in  a 
modified  version  of  the  inverted-mesa  GalnAsP/InP  avalanche  photodiode  structure.  Dark  currents 
as  low  as  1.5  nA  at  half  the  breakdown  voltage  and  photocurrent  gains  as  high  as  700  have  been 
measured. 

Implantation  of  the  donors  Se,  Si,  and  C  and  the  acceptors  Cd,  Mg,  and  Be  from  room  tempera¬ 
ture  to  200°C  has  been  studied.  The  sample  temperature  during  implantation  is  found  to  have  a 
pronounced  effect  on  the  electrical  characteristics  of  die  resulting  layers.  Electron  concentrations 
in  excess  of  10 19  cm-3  have  been  achieved. 

A  vector  formulation  has  been  devised  to  describe  quantitatively  the  change  in  lattice  parameters 
as  a  function  of  composition  of  the  alloy  GaxInj_xASyPj_y.  The  technique  has  potential  use  in  the 

further  development  of  lattice-matched  GaxInj_xA6yPj  heterostructure  lasers  and  photodetectors. 

The  diffusion  of  Zn  and  Cd  into  InP  has  been  investigated  in  order  to  make  a  comparative  evalua¬ 
tion  of  these  elements  as  acceptor  dlffusants  for  the  fabrication  of  GalnAsP/InP  electrooptical  devices, 
The  use  of  Zn  is  found  to  be  advantageous  because  p-n  junctions  with  comparable  characteristics  can 
be  obtained  with  lower  diffusion  temperatures  than  those  required  for  Cd. 
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